The growth of Streptococcus bovis JB1 was initially inhibited by nisin (1 M), and nisin caused a more than 3-log decrease in viability. However, some of the cells survived, and these nisin-resistant cells grew as rapidly as untreated ones. To see if the nisin resistance was merely a selection, nisin-sensitive cells were obtained from agar plates lacking nisin. Results indicated that virtually any nisin-sensitive cell could become nisin-resistant if the ratio of nisin to cells was not too high and the incubation period was long enough. Isolates obtained from the rumen were initially nisin sensitive, but they also developed nisin resistance. Nisin-resistant cultures remained nisin resistant even if nisin was not present, but competition studies indicated that nisin-sensitive cells could eventually displace the resistant ones if nisin was not present. Nisin-sensitive, glucose-energized cells lost virtually all of their intracellular potassium if 1 M nisin was added, but resistant cells retained potassium even after addition of 10 M nisin. Nisin-resistant cells were less hydrophobic and more lysozymeresistant than nisin-sensitive cells. Because the nisin-resistant cells bound less cytochrome c, it appeared that nisin was being excluded by a net positive (i.e., less negative) charge. Nisin-resistant cells had more lipoteichoic acid than nisin-sensitive cells, and deesterified lipoteichoic acids from nisin-resistant cells migrated more slowly through a polyacrylamide gel than those from nisin-sensitive cells. These results indicated that lipoteichoic acids could be modified to increase the resistance of S. bovis to nisin. S. bovis JB1 cultures were still sensitive to monensin, tetracycline, vancomycin, and bacitracin, but ampicillin resistance was 1,000-fold greater.
Since the 1970s, the feed additive monensin has been used to modify ruminal fermentations, and this antibiotic is most effective against gram-positive bacteria (28) . In vitro studies have indicated that monensin can inhibit S. bovis (21) , but only higher than normal doses of monensin (approximately 350 mg/animal/day) could prevent S. bovis proliferation and acute ruminal acidosis (22) . Recent work has indicated that nisin and monensin have similar effects on in vitro ruminal fermentations, but the effect of nisin on S. bovis has not been described (4) .
Nisin is a small peptide (34 amino acids) that forms pores in cell membranes, has "generally recognized as safe" (GRAS) status, and is approved for use as a food preservative (13, 20) . Nisin is primarily active against gram-positive bacteria, but some gram-positive bacteria can become nisin resistant (2, 7, 8) . The genetics of nisin resistance have been studied in some detail, but the physiology is less well understood (13) . Preliminary experiments indicated that S. bovis cultures were initially nisin-sensitive, but these cultures eventually grew rapidly in the presence of nisin. The following experiments sought to monitor the resistance of S. bovis to nisin and determine the mechanism(s) of nisin resistance.
MATERIALS AND METHODS
Cell growth. Streptococcus bovis JB1 was routinely grown under O 2 -free CO 2 at 39°C in basal medium containing (per liter) 4 g of glucose, 292 mg of K 2 HPO 4 , 292 mg of KH 2 PO 4 , 480 mg of (NH 4 ) 2 SO 4 , 480 mg of NaCl, 100 mg of MgSO 4 ⅐ 7H 2 O, 64 mg of CaCl 2 ⅐ 2H 2 O, 500 mg of cysteine hydrochloride, 1 g of Trypticase (BBL Microbiology Systems, Cockeysville, Md.), 4 g of Na 2 CO 3 , and 0.5 g of yeast extract. The medium was adjusted to pH 6.7, and the final pH was never less than 6.5. Cultures were grown in 18-by 150-mm tubes that were sealed with butyl rubber stoppers. Growth was monitored via changes in optical density (1-cm cuvette, 600 nm; Gilford 260 spectrophotometer), and the ratio of cell protein to optical density was 160 g of protein per ml per optical density unit. Protein was determined by the method of Lowry et al. (16) using serum albumin as a standard. The growth rate was estimated from differences in the natural logarithms of optical density and time. Lag time was defined as the time before a detectable increase in optical density was observed.
Nisin and antibiotics. Highly purified nisin was obtained from Aplin and Barrett Ltd. (Trowbridge, United Kingdom), and all other antibiotics were obtained from Sigma Chemical Co. (St. Louis, Mo.). Nisin was dissolved in 20 mM HCl. Monensin was dissolved in 95% ethanol, but the ethanol addition was always less than 2%, an amount that does not affect the growth or fermentation of S. bovis. All of the other antibiotics were dissolved in sterile water.
Potassium depletion. S. bovis cultures were harvested anaerobically by centrifugation (4,000 ϫ g, 10 min, 5°C in sealed tubes). The cell pellets were resuspended in basal medium that lacked ammonia, yeast extract, and Trypticase. The washed cell suspensions were incubated at 39°C, energized with glucose (20 mM) for 15 min, and treated with nisin for 10 min. The cell suspensions (1.0 ml) were centrifuged through silicone oil (0.3 ml of Dow Corning 550 and 556 fluid; Dow Corning, Midland, Mich.), and the tubes were frozen. Once the liquid above the silicone was solid, cell pellets were removed with dog nail clippers. Cell pellets were digested at room temperature for 24 h in 3 N HNO 3 , and insoluble cell debris was removed by centrifugation (13,000 ϫ g, 5 min). The intracellular potassium concentration was determined by flame photometry (Cole-Parmer 2655-00 digital flame analyzer; Cole-Parmer Instrument Co., Chicago, Ill.).
Cell surface hydrophobicity. Microbial adherence to hydrocarbons was estimated with n-hexadecane (27) . Stationary-phase cultures (1.0 optical density) were washed twice in potassium phosphate buffer (pH 7.2) and resuspended in the same volume of buffer. Hexadecane (0.3 ml) was placed on top of the cell suspension (1.2 ml), and the tubes were incubated at 39°C for 10 min. The suspension was vigorously mixed for 120 s and incubated for 15 min at room temperature. Once the phases had separated, the optical density of the aqueous phase was measured.
Cytochrome c binding. Cytochrome c binding was performed as described by Peschel et al. (24) . Stationary-phase cultures were washed twice in morpholinepropanesulfonic acid (MOPS) buffer (20 mM, pH 7.0) and concentrated to approximately 7.0 optical density units (600 nm). Cell suspensions (1 ml) were incubated with cytochrome c (0.5 mg/ml, 15 min, room temperature) and harvested by centrifugation (13,000 ϫ g, 5 min). Cytochrome c remaining in the supernatant was estimated spectrophotometrically (530 nm).
LTA extraction. Lipoteichoic acid (LTA) was extracted from cells by using hot aqueous phenol (11, 30) . Cultures (1 liter) were centrifuged (10,000 ϫ g, 15 min, 25°C), washed in phosphate buffer (10 mM Na 2 HPO 4 and 1 mM MgCl 2 [pH 7.5]), and concentrated to approximately 0.15 g of cells/ml. The cell suspension was stirred with an equal amount of prewarmed 85% phenol (65°C, 90 min), and centrifuged (10,000 ϫ g, 20 min, 25°C) to obtain phase separation. The water layer was removed and extracted with an equal volume of chloroform:isoamyl alcohol (24:1). The extract was centrifuged again, and the water layer was retained. The extract was further purified by treatment with RNase and DNase (50 g/ml each, 30°C, 12 h), extracted twice with cold phenol:chloroform:ethanol (25:24:1), and dialyzed for 24 h (3,000-kDa cutoff) against 10,000 volumes of Tris buffer (10 mM Tris-HCl and 1 mM MgCl 2 [pH 7.5], 4°C) to remove solvents and nucleic acid fragments. The carbohydrate content of the LTA was assayed by the anthrone method (1) .
PAGE of LTAs. Polyacrylamide gel electrophoresis (PAGE) was adapted from the method of Maurer and Mattingly (17) . Slab gels (70 by 95 by 0.75 mm) were prepared with 15% acrylamide:bisacrylamide (Protogel; National Diagnostics, Atlanta, Ga.), ammonium persulfate (44 mg), and N,N,NЈ,NЈ-tetramethylethylenediamine (34 l) in 100 ml of Tris-borate (0.2 M Tris base, 0.2 M boric acid, and 2 mM EDTA [pH 8.2]) buffer. LTA extracts (10 l; approximately 1 g of glucose-equivalent reactive material) mixed with a 1/5 volume of 2 M sucrose was loaded into each well, and bromophenol blue (1 mg/ml) was used as the tracking dye. Electrophoresis was performed at 80 V/cm until the tracking dye reached approximately 2 cm from the bottom of the gel. The bands were visualized by the alcian blue-silver staining of Min and Cowman (19), as described by Wolters et al. (33) . LTA extracts were also treated with sodium hydroxide (0.1 M final concentration, 60°C, 1 h) to remove lipids, and these deesterified samples were subjected to PAGE as described above.
RESULTS

Growth.
S. bovis JB1 grew rapidly in a basal medium that lacked nisin, with a maximum specific growth rate of 1.68 h Ϫ1 (Fig. 1a) , and stationary-phase cultures had a viable cell number of 10 8 cells per ml. Stationary-phase cultures that were diluted into medium containing 1 M nisin had a viable cell number of only 10 4 cells per ml, but growth experiments indicated that nisin-sensitive cultures could eventually grow rapidly and without lag in the presence of nisin (Fig. 1a) . When cultures that had been treated with nisin were diluted in medium containing 1 M nisin, the viable cell number was 10 8 cells per ml. Nisin (1 M) caused an initial decrease in the viability of nisin-sensitive cultures, but the viable cell number eventually increased (Fig. 1b) . The optical density did not increase until the viable cell number was greater than 1%. The ability of nisin-sensitive cultures to grow and become resistant was inoculum size dependent. If the inoculum was greater than 1%, the lag time decreased. If the inoculum was 0.001% or less, growth was never observed.
The effect of nisin on the nisin-sensitive culture was also concentration dependent. If nisin-sensitive cultures were diluted into medium containing 10 M nisin, the viable cell number was only 10 1 cells per ml, and the lag time of a 1% inoculum was much longer. The lag time of nisin-sensitive cultures increased linearly as the nisin concentration was increased ( Fig. 2) . Nisin-resistant cultures that had been treated with 1 M nisin also lagged if the nisin concentration was greater than 1 M, but the lag time of the nisin-resistant cultures was less than that of nisin-sensitive ones. Nisin-resistant cultures that had been treated with 10 M nisin had the same lag times as those treated with only 1 M.
Dilution series and growth experiments indicated that the nisin-resistant cultures remained nisin resistant even if they were transferred 30 times (approximately 120 doublings) without nisin (data not shown). Sensitive cultures (never treated with nisin) obtained from isolated colonies on agar plates (no nisin) that were diluted in medium containing 1 M nisin had a viable cell number of only 10 4 cells per ml, and these cultures (1% inoculum) also lagged if they were inoculated into nisincontaining broth. However, the cells eventually grew rapidly, subsequent lags in growth were not observed, and the viable cell number was always high (10 8 cells per ml). Nisin-sensitive cultures were sensitive to lysozyme, and growth was completely inhibited (Fig. 3) . Nisin-resistant cultures were unaffected by lysozyme. Potassium depletion from washed-cell suspensions. Nisinsensitive cell suspensions that were energized with glucose had an intracellular potassium concentration of Ͼ2,500 nmol/mg of protein, but low concentrations of nisin caused almost complete potassium loss (Fig. 4) . Nisin-resistant cells (previously treated with 1 M nisin) retained intracellular potassium even if large amounts of nisin were added and even if they had been transferred repeatedly (30 times) without nisin (data not shown). When nisin-sensitive cells were added to a medium containing nisin and the cells were harvested by centrifugation, the cell-free supernatant was no longer able to cause potassium depletion from nisin-sensitive cells (Fig. 5) . If nisin-resistant cells were added, the cell-free supernatant was still able to cause a large depletion of potassium from nisin-sensitive cells.
Competition studies and fresh isolates. Because nisin-resistant cells retained at least 10-fold more potassium than nisinsensitive cells after nisin was added (Fig. 4) , we were able to use potassium depletion to assess the relative abundance of nisin-resistant and -sensitive cells in a coculture that lacked nisin. If nisin-resistant and -sensitive cultures were mixed in equal parts and transferred 3 times (1% inoculum) in batch culture without nisin, the washed cells retained Ͻ250 nmol of potassium per mg of protein after 1 M nisin was added (data not shown). Because this latter value was similar to that for nisinsensitive cells, it appeared that this coculture contained at least 95% nisin-sensitive cells. If the coculture had nisin, the intracellular potassium concentration was greater than 2,000 nmol of potassium per mg of protein after 1 M nisin was added.
If ruminal fluid was enriched with glucose for 4 h at 39°C, streaked on agar plates, and incubated anaerobically (39°C), white and orange colonies were observed after only 18 h. Isolates arising from the orange colonies had ovoid cells, grew rapidly in basal medium that lacked nisin, and produced lactic acid as the dominant end product. The fresh isolates did not initially grow in medium that contained nisin, and the number of naturally nisin-resistant cells was Ͻ10 3 per ml (Fig. 6 ). However, fresh isolates that had been treated with sublethal doses of nisin had as many nisin-resistant cells as did nisinresistant S. bovis JB1 cultures.
Antibiotic resistance. Nisin-sensitive S. bovis JB1 cultures had a large number of cells that were naturally resistant to penicillin, but the viable cell number was only 10 3 if a similar amount of ampicillin was present (Fig. 7) . Nisin-resistant cultures had more naturally ampicillin-resistant cells than nisinsensitive cultures, and the viability was 10 6 cells per ml. The nisin-resistant and -sensitive cultures had similar numbers of monensin-, vancomycin-, and tetracycline-resistant cells, but nisin-sensitive cultures had more bacitracin-resistant cells than nisin-resistant cultures.
Hydrophobicity and charge. When nisin-sensitive cultures were mixed with n-hexadecane, 64.1 Ϯ 12.5% of the cells migrated into the hexadecane layer, but only 28.3 Ϯ 8.1% of the nisin-resistant cells were hexadecane miscible (P Ͻ 0.05; n ϭ 3). Nisin-sensitive cells bound more cytochrome c (a positively charged cation) than nisin-resistant cells (59 Ϯ 3.1 versus 21 Ϯ 1.1 g of cytochrome c per mg of cell protein, respectively; P Ͻ 0.01; n ϭ 3).
LTA. When S. bovis cells were harvested by centrifugation, washed, and treated with hot phenol, the aqueous layer of nisin-resistant cells had nearly twice as much anthrone-reactive material as nisin-sensitive cells (1.03 Ϯ 0.12 versus 0.58 Ϯ 0.045 mg of hexose equivalent per mg of cell protein, respectively), and this difference was apparent on polyacrylamide gels (Fig.  8A and B) . When the extracts were treated with sodium hydroxide to remove lipid, the nisin-resistant deesterified LTAs 
DISCUSSION
Nisin is an antimicrobial agent that inhibits a variety of gram-positive bacteria (13) , and it can increase the respiration rate of Escherichia coli (6) . Nisin is inserted into cell membranes and forms ion-translocating pores (3, 20) . The insertion of nisin is thought to be facilitated by the cell wall precursor lipid II (3). Micrococcus flavus cell membranes have a large amount of lipid II, and it is very sensitive to nisin. When artificial membranes were prepared and fused with M. flavus and E. coli vesicles, nisin sensitivity and lipid II content could be correlated (3).
Breukink et al. (3) stated that "no resistance to nisin has been reported," but it has long been recognized that nisinproducing bacteria are not inhibited by nisin (13) . Nisin-producing strains have immunity proteins that protect the cells from nisin (29) , but the immunity protein expression and nisin resistance of Lactococcus lactis strains were poorly correlated (25) . This latter observation indicated that immunity protein expression was not the only factor determining nisin resistance.
Non-nisin-producing bacteria that lack immunity proteins can also become nisin resistant, and, in Listeria monocytogenes, nisin resistance has been correlated with a change in membrane lipids (18) . Some workers (12, 14) concluded that nisinresistant bacilli had nisin-inactivating enzymes, but nisinases have not been thoroughly purified, cloned, or sequenced. Recent work indicated that sensitivity of Staphylococcus aureus could be increased by a change in teichoic acids, but the reverse (increased resistance) was not demonstrated (24) .
Untreated S. bovis JB1 cultures were initially nisin sensitive, and even low concentrations caused a pronounced decrease in viability. However, resistant cells arose, and these nisin-resistant cells were unaffected by nisin concentrations that had previously prevented growth. Nisin-resistant cultures still lagged if the nisin concentration was very high, but cultures that had been treated with 1 M were as resistant as those treated with 10 M. This latter observation indicated that even low concentrations of nisin (1 M) could select for resistant cells.
Recent work with Prevotella bryantii indicated that monensin resistance was mediated by a highly resistant subpopulation (5) , and it initially appeared that the nisin resistance of S. bovis might also be a simple selection. The selection hypothesis was supported by two observations: (i) even 10 M nisin did not kill all of the cells, and (ii) net growth (optical density) was not observed until the viability had recovered. However, nisinsensitive colonies (taken from agar plates lacking nisin) eventually grew rapidly in the presence of 1 M nisin. Because nisin-sensitive cells became nisin resistant, it appeared that the increase in nisin-resistant cells was not merely a selection.
When wild-type S. bovis cultures were treated with 1 M nisin, the viability initially decreased more than 3 logs. However, the viability eventually increased, and these nisin-resistant cells retained their resistance for more than 30 transfers, even if nisin was not present. Recent work with Listeria monocytogenes indicated that nisin-resistant cells could also retain their resistance phenotype even when the bacteriocin was not present, and this resistance seemed to be mediated by a highfrequency mutation (as high as 10 Ϫ4 ) (26) . Further work is needed to determine if the nisin resistance of S. bovis is also mediated by a high-frequency mutation, but preliminary observations indicate that virtually any nisin-sensitive cell can become nisin resistant as long as the ratio of nisin to cells is not too high and the incubation period is long enough.
Optical density measurements indicated that nisin-resistant and -sensitive cells had similar growth rates, but competition experiments and potassium depletion measurements indicated that nisin-sensitive cells could outgrow nisin-resistant cells if nisin was not present. This latter result indicated that growth rate alone did not provide a relative index of fitness. It should be noted that fresh isolates from the rumen were also nisin sensitive until they were exposed to nisin in the laboratory.
When nisin-sensitive cells were added to a nisin medium and harvested by centrifugation, the cell-free supernatant did not have enough residual nisin to catalyze potassium loss from a second set of nisin-sensitive cells. However, if nisin-resistant cells were treated in a similar fashion, the cell-free supernatant still catalyzed a significant potassium loss from nisin-sensitive cells. These results indicated that the nisin-resistant cells could exclude at least some of the nisin, and the nisin resistance was not simply a degradation.
A Staphylococcus aureus mutant that was defective in Dalanine incorporation to LTA was more sensitive to nisin than wild-type cells, and it appeared that the positively charged D-alanine residue was excluding the positively charged nisin molecule (24) . Experiments with S. bovis indicated that the nisin-resistant cells had an increased positive (i.e., less negative) charge than nisin-sensitive cells. Nisin-resistant cells (i) bound less cytochrome c than nisin-sensitive cells, (ii) were more lysozyme resistant, and (iii) were less hydrophobic.
Many gram-positive bacteria have LTAs that extend outward from the cell membrane through the peptidoglycan to the outside surface of the cell, and these amphiphilic molecules FIG. 8 . Polyacrylamide gels of dialyzed lipoteichoic acids from S. bovis. Lanes A and B show extracts that were derived from nisinsensitive and nisin-resistant cells. Lanes C and D show the same extracts, but in this case the amount of anthrone-reactive material was normalized, and the extracts were treated with sodium hydroxide to remove lipid. The gels were stained with alcian blue and silver nitrate. The gels were run for approximately 2 h, and the migration distances are shown.
can have a variety of charged residues (10, 15) . Nisin-resistant S. bovis cells had more LTA than nisin-sensitive cells. When the LTAs were treated with base to remove the lipids, the deesterified residues of nisin-resistant cells migrated more slowly into polyacrylamide gels. Polyacrylamide gels separate molecules according to size, but it should be noted that the anode was attached to the bottom of the gel.
Crandall and Montville (7) noted that nisin-resistant L. monocytogenes cultures were more sensitive to penicillin and ampicillin. S. bovis JB1 was already highly resistant to penicillin, but it was ampicillin sensitive. Nisin-resistant S. bovis JB1 cells were more ampicillin resistant than nisin-sensitive cells, but some decrease in viability was still observed. Nisin-resistant and nisin-sensitive JB1 cells had similar numbers of cells that were naturally resistant to tetracycline and vancomycin, but the nisin-resistant cultures had fewer cells that were naturally resistant to bacitracin. Monensin is an ion-translocating ionophore that has been routinely used to alter ruminal fermentation (28), but nisin-resistant S. bovis JB1 cultures did not have more monensin-resistant cells than did nisin-sensitive cultures.
Teather and Forster (32) hypothesized that naturally occurring ruminal bacteriocins might provide a "tool for controlled colonization as well as for population modification." This hypothesis was based on the supposition that gram-positive, bacteriocin-sensitive ruminal bacteria were detrimental to animal nutrition, but bacteriocin resistance was not addressed. Because all of the fresh isolates became as nisin resistant as JB1, it appears that nisin resistance is a common characteristic of S. bovis. Further work is clearly needed to monitor the bacteriocin resistance of ruminal bacteria as well as their initial sensitivity.
